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The aim of experiments was to assess the efﬁciency of choline-stabilized orthosilicic acid (ch-OSA;
complex of orthosilicic acid with choline and a bioavailable source of silicon) application under
increasing manganese (Mn) stress on the micronutritional composition and yielding of tomato (Solanum
lycopersicum L. cvs. ‘Alboney F1’ and ‘Emotion F1’). Plants were grown in rockwool with the application of
a nutrient solution varied the Mn concentrations (in mg dm3): 9.6 and 19.2 which cause strong
oxidative stress of plants comparing with optimal concentration of that microelement in nutrient so-
lution. The effect of ch-OSA application (at Si concentration of 0.3 mg dm3 nutrient solution) was
investigated at both Mn-levels. Increasing Mn stress modiﬁed the concentration of microelements and
silicon (Si) in tomato leaves. Application of ch-OSA also inﬂuenced the concentration of nutrients, but the
determined changes were generally multidirectional and varied depending on Mn-level and cultivar.
Under the increasing Mn stress a signiﬁcant downward trend was observed for the mean concentration
of Fe (in both cultivars) in fruits e but changes of Mn, Zn and Cu were varied depend on cultivar. In the
case of cv. ‘Alboney F1’ ch-OSA application caused an increase the mean concentrations of Fe, Zn and Cu,
while in the case of cv. ‘Emotion F1’ the reduction of mean concentrations of Zn and Cu was recorded. Ch-
OSA treatment did not inﬂuence on the Mn concentrations in fruits. A beneﬁcial role of ch-OSA was also
found in photosynthesis activity. This was especially valid for lower levels of Mn. Application of ch-OSA
improved signiﬁcantly the marketable yield of tomato under stress by a low Mn level.
© 2015 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Manganese (Mn) is a metallic micronutrient and plays an
important role in photosynthesis by aiding chlorophyll synthesis in
many crop plant species (Gonzalez et al., 1998; Moshe et al., 2004;
Alam et al., 2006), hence there is a necessity to apply some amount
of Mn in fertilizer. On the other side an excessive Mn nutrition may
damage the photosynthetic apparatus and signiﬁcantly reducing
chlorophyll content in leaves (Millaleo et al., 2010; Lee et al., 2011)
and as a consequence can negatively effect on photosynthesis
(Kleiber et al., 2014). The strongest and signiﬁcant decrease of to-
mato photosynthesis rate was found in case of Mn concentrationsKleiber), mario.calomme@
l (K. Borowiak).
r Masson SAS. This is an open accein nutrient solution equal 9.6 and 19.2 mg dm3 comparing with
optimal concentration (0.3e0.6 mg dm3). Shi et al. (2005) claimed
that from the physiological point of view excessive Mn nutrition
signiﬁcantly increases H2O2 concentration and lipid peroxidation
indicated by the accumulation of thiobarbituric acid reactive sub-
stances. Excessive Mn nutrition may also signiﬁcantly disrupt the
uptake of other metallic microelements such as iron (Fe), zinc (Zn)
or copper (Cu) (Kleiber, 2015). However, the response may vary
depending on cultivar (Kleiber et al., 2014).
An effective method to alleviate Mn-stress, which improves
plants yielding, is silicon (Si) nutrition (Epstein, 1999; Iwasaki and
Matsumura, 1999; Shi et al., 2010). Shi et al. (2005) reported that
Si nutrition signiﬁcantly decreased lipid peroxidation caused by
excess Mn, inhibited the appearance of Mn toxicity symptoms, and
improved plant growth. This alleviation of toxicity by Si is related to
a signiﬁcant increase in the activities of superoxide dismutasess article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(DHAR) and glutathione reductase (GR) and the concentrations of
ascorbate and glutathione. Different forms of Si may be used in
fertigation, e.g. silica sol (Kleiber et al., 2015a) or choline-stabilized
orthosilicic acid (ch-OSA) (Kleiber, 2014a; Kleiber et al., 2015b). Si
supplementation of plants signiﬁcantly affects their nutrient status.
In the case of lettuce grown under Mn-stress with increasing
concentrations of ch-OSA in the nutrient solution (Si concentration
of 0.21e0.63 mg dm3) a signiﬁcant reduction of Zn and Fe con-
centrations was observed with no differences in concentrations of
Mn in edible parts of plants. However, in tomato signiﬁcant changes
in the concentrations of macroelements and sodium (Na) were
recorded at the ch-OSA concentration of 0.3 mg Si dm3. Silica sol
application caused an increase in Fe concentrations with a simul-
taneous decrease in the concentrations of Zn and Cu in edible parts
of lettuce grown under a strong Mn-stress (Kleiber et al., 2015a).
The aim of the conducted study was to investigate the effect of
choline-stabilized orthosilicic acid (ch-OSA; complex of orthosilicic
acid with choline and a bioavailable source of Si) treatment on
microelements and Si concentrations in leaves/fruits and the yield
structure (weight of varied diameter fruits e graded in accordance
with the European Commission Regulation) of tomato grown under
increasing Mn stress. These experiments are a continuation of
research on the effect of the examined factors on yield quality and
quantity in tomato grown in rockwool.
2. Material and methods
2.1. Plant cultivation
Vegetation experiments were conducted in the years 2013 and
2014 in the greenhouse of the Department of Plant Nutrition, the
Poznan University of Life Sciences (Poland). The greenhouse has
climate control, shading and energy-saving curtain systems. The
experiments were conducted on two tomato cultivars (Solanum
lycopersicum L. cv. ‘Alboney F1’ and cv. ‘Emotion F1’), with 2
experimental factors: A e Mn nutrition; B e ch-OSA treatment
(source of bioavailable Si).
Seeds were sown to cultivation cups (2.5  2.5  3 cm) in the
last week of March in each year of the study. After 2e3 weeks
seedlings were transplanted to rockwool cubes (10  10  10 cm).
Transplants were moved to permanent beds in the ﬁrst week of
May. The experiment was conducted to the end of August in each
year of the study. The experiment was established in the systematic
design in 4 replications. Biological pest control was applied in that
culture. All cultivation measures were performed in accordance
with the current recommendations for tomato growing.
2.2. Plant nutrition
Plants, after their transplantation to their permanent site, were
fertigated with a standard nutrient solution recommended for to-
mato cultivation with the following chemical composition (in mg
dm3): NeNH4 2.2, NeNO3 230, P 50, K 430, Ca 145, Mg 65, Cl 35,
SeSO4 120, Fe 2.48, Zn 0.50, Cu 0.07, pH 5.50 and EC 3.00 mS cm1.
Plants were grown in standard rockwool (Grodan,
100  15  7.5 cm, density 60 kg m3) at a stocking of 2.5 plants
m2. The following Mn nutrition levels were tested (in mg dm3):
9.6 and 19.2 (denoted asMn-9.6/Mn-low andMn-19.2/Mn-high). In
the case of each Mn treatment the effect of ch-OSA application was
investigated (Si concentration of 0.3 mg per 1 dm3 nutrient so-
lution). Analytically pure manganese II sulfate monohydrate
(MnSO4$H2O, 32.3% Mn) and choline-stabilized orthosilicic acid
(ch-OSA; 0.6% Si; Actisil; Yara Poland) were the sources of studied
nutrients. ch-OSA was obtained from Bio Minerals N.V.,Destelbergen, Belgium.
2.3. Yield measurements
In the growing period fruits were collected and graded. Selected
codes were applied for fruit size in accordance with the European
Commission Regulation (EC) No. 771/2009. They included the
following class sizes: I e fruit diameter of min. 10.2 cm, II e
10.2e8.2 cm, III e 8.2e6.7 cm, IV e 6.7e5.7 cm, V e 5.7e4.7 cm and
VI e less than 4.7 cm. Fruits of grades I e V comprised the com-
mercial crop.
2.4. Samples collection
In the course of vegetation there were collected the plant ma-
terial samples to determined the chemical composition. The index
parts (8the9th fully expanded leaves counting from the apex) were
collected twice during the growing season (mid of: June and
August) each of the years of the study. One bulk sample comprised
6 leaves. In the ﬁrst decade of August in each of the years of the
study representative samples of fruits were also collected.
2.5. Analysis of micronutrients and silicon in plant samples
In order to determine the total forms of Fe, Mn, Zn and Cu the
homogenized plant material was digested in a mixture of dioxo-
nitric and tetraoxochloric acids (3:1 v/v) (IUNG, 1972) and after the
microelements were determined according to ASA (FAAS, on a Carl
Zeiss Jena apparatus). In order to determine the Si concentration
the plant material was digested in nitric acid (33%) under high
pressure in a microwave. The Si concentration were measured by
Electrothermal Atomic Absorption Spectrometry with inverse lon-
gitudinal Zeeman background correction (Perkin Elmer. Analyst
800) and pyro-coated graphite tubes with an L'vov platvorm (Per-
kin Elmer).
2.6. Gas exchange measurements
A Ci 340aa handheld photosynthesis system (CID BIOSCIENCE
Inc., Camas, USA) was used tomeasure net photosynthetic rate (PN),
stomatal conductance (gs) and intercellular CO2 (Ci) concentration,
under the following constant conditions in the leaf chamber: CO2
inﬂow concentration (390 mmol (CO2) mol1), photosynthetic
photon ﬂux density (PPFD) 1000 mmol (photon) m2 s1, chamber
temperature 25 C, and relative humidity 40 ± 3%. Analyses were
performed on fully expanded leaves (9th one from the plant apex)
showing nomechanical injury, during the full generative stage. Five
plants were used for these analyses.
2.7. Statistical analysis
The data were analyzed using STATISTICA. The results were
analyzed by factorial ANOVAwith Mn level in nutrient solution and
Si nutrition as ﬁxed factors (separatelly for each cultivar). Duncan's
test was employed to analyze differences between measured
parameters.
3. Results and discussion
3.1. Chemical composition of leaves
In the conducted studies a signiﬁcant effect of Mn nutrition was
observed on the microelemental composition of leaves (Tables 1
and 2). The recorded changes in micronutrient concentrations
were typical of tomato grown under an increasing Mn-stress
Table 1
The effect of Mn and ch-OSA nutrition on the concentration of microelements
(mg kg1 d.m.) and Si (ng mg1 d.m.) in tomato leaves in 2013. Mean values are
shown.
Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
Si
9.6 138.75 a 134.31 a 136.53 A 130.88 a 139.12 a 135.00 A
19.2 148.49 a 258.21 b 203.35 B 142.82 a 165.10 b 153.96 A
Mean 143.62 A 196.26 B 136.85 A 152.11 A
Fe
9.6 82.65 b 81.85 b 82.25 B 87.40 b 69.95 a 78.68 B
19.2 72.90 a 71.35 a 72.13 A 67.25 a 69.05 a 68.15 A
Mean 77.78 A 76.60 A 77.33 B 69.50 A
Mn
9.6 848.95 a 883.40 b 866.18 A 857.50 a 846.50 a 852.00 A
19.2 915.25 c 905.70 bc 910.48 B 892.55 b 886.15 b 889.35 B
Mean 882.10 A 894.55 A 875.03 A 866.33 A
Zn
9.6 36.16 a 44.57 b 40.37 B 31.98 a 58.29 c 45.14 A
19.2 32.67 a 31.27 a 31.97 A 46.41 b 62.41 c 54.41 B
Mean 34.41 A 37.92 A 39.20 A 60.35 B
Cu
9.6 21.11 c 16.51 b 18.81 B 18.95 c 16.32 b 17.63 B
19.2 12.40 a 14.83 b 13.61 A 11.74 a 14.12 b 12.93 A
Mean 16.76 A 15.67 A 15.34 A 15.22 A
For each cultivar individually, signiﬁcant different values are indicated with
different capital letters within columns and rows, respectively for each main factor
Mn level and ch-OSA treatment. Signiﬁcant interactions between main factors are
indicated with different small letters.
Table 2
The effect of Mn and ch-OSA nutrition on the concentration of microelements
(mg kg1 d.m.) and Si (ng mg1 d.m.) in tomato leaves in 2014. Mean values are
shown.
Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
Si
9.6 223.98 a 318.08 b 271.03 A 230.23 a 269.57 a 249.90 A
19.2 282.03 a 233.89 a 257.98 A 253.12 a 423.61 b 338.36 B
Mean 253.01 A 275.99 A 241.68 A 346.59 B
Fe
9.6 82.95 a 83.35 a 83.15 A 86.20 b 91.80 b 89.00 B
19.2 75.90 a 69.25 a 72.58 A 61.15 a 84.65 b 72.90 A
Mean 79.43 A 76.30 A 73.68 A 88.23 B
Mn
9.6 883.50 b 823.10 a 853.30 A 886.05 b 858.55 a 872.30 A
19.2 890.80 b 841.95 a 866.38 A 899.40 b 906.85 b 903.13 A
Mean 887.15 B 832.53 A 892.73 A 882.70 A
Zn
9.6 25.77 a 67.34 b 46.56 B 33.11 b 32.59 b 32.85 A
19.2 20.40 a 18.81 a 19.60 A 16.03 a 32.98 b 24.50 A
Mean 23.08 A 43.07 B 24.57 A 32.78 B
Cu
9.6 20.53 d 16.95 c 18.74 B 22.79 c 12.55 b 17.67 B
19.2 12.64 b 7.18 a 9.91 A 7.08 a 14.74 b 10.91 A
Mean 16.59 B 12.06 A 14.94 A 13.64 A
For each cultivar individually, signiﬁcant different values are indicated with
different capital letters within columns and rows, respectively for each main factor
Mn level and ch-OSA treatment. Signiﬁcant interactions between main factors are
indicated with different small letters.
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centrations, but in many cases the effect was multidirectional and
varied depending on Mn-level and cultivar (Tables 1 and 2).
Mn is taken up by plants as Mnþ2 cations and may appear in
plant tissues at concentrations higher than required for the proper
functioning of plants. Response of tomato to the application of two-fold greater Mn concentrations in the nutrient solution (9.6 and
19.2 mg dm3) varied depending on the year when the application
was done: an increased concentration observed in 2013 (2013;
Table 1) and no signiﬁcant differences were found in 2014 for
combinations without ch-OSA treatment (Table 2). Overall,
increasing Mn concentrations in the nutrient solution signiﬁcantly
reduced the concentration of Fe, Zn and Cu in tomato leaves.
This effect was typical of tomato grown under a strong Mn-
stress. Previously, Savvas et al. (2009) and Kleiber (2015)
conﬁrmed signiﬁcantly reduced concentrations of metallic micro-
elements (Fe, Zn, Cu) in tomato leaves. Marschner (1998) showed
that Mn is an antagonistic element to Fe and calcium (Ca), while a
lower Zn concentration under Mn stress was found by Shenker
et al. (2004). Kleiber (2015) also reported under an increasing
Mn-stress a reduction in the concentrations of nitrogen (N), mag-
nesium (Mg) and Ca with a simultaneous upward trend for P-
concentration in leaves.
Application of ch-OSA in tomato cultivation under increasing
Mn-stress triggered in some cultivars changes in the concentration
of microelements in leaves but not in all the tested cultivars, e.g. a
reduction of N, K, Ca and Na was observed in ‘Emotion F1’ when
compared with the untreated plants, whereas in cv. ‘Alboney F1’ no
signiﬁcant changes in these nutrients were observed (Kleiber et al.,
2015b).
The physiological response of plants supplemented with Si
could be species-speciﬁc. Application of ch-OSA to nutrient solu-
tion in the cultivation of lettuce cause a signiﬁcant decrease in the
concentrations of Zn (for 0.63 mg Si dm3) and Fe (0.21e0.63 mg Si
dm3), with no signiﬁcant changes for Cu and Mn (Kleiber, 2014a)
in the aboveground parts of plants. In the control combination
(without ch-OSA treatment) the Fe:Mn ratio was 1.00:4.32, while at
the highest concentration of ch-OSA it was greater (1.00:6.03). Also
silica sol application signiﬁcantly modiﬁed the plant nutrient sta-
tus: an increased concentration of Fe with a simultaneously
decreasing concentrations of Zn and Cu (Kleiber et al., 2015a).
Ratios of Si and metallic microelements in leaves are shown in
Table 3. The mean Si:Mn ratios increased under ch-OSA, which
indicates an increasing uptake of Si when compared to Mn. Similar
relationships were found for the ratios: Si:Fe, Si:Zn (except for 2014
in cv. ‘Alboney F1’) and Si:Cu (except for 2013 for ‘Alboney F1’).
The ability of plants to uptake and accumulate Si varies
depending on the species. Tomato is an example of a plant species
characterized by a low Si uptake (Ma and Takahashi, 2002) and as
most dicotyledonous plants, uptakes Si passively, as xylem loading
of Si is mediated by passive diffusion (Mitani and Ma, 2005). In-
ﬂuence of the studied factors on the concentration of Si in leaves
during the vegetation period are shown on Fig. 1. The source of Si
for plants includes not only fertilizers (in these experiments ch-
OSA), but also water that may contain low concentrations of
orthosilicic acid (undissociated monomeric silicic acid (Si(OH)04)
(Ma and Takahashi, 2002; Sacała, 2009), which may explain the
change in the Si concentration in the control combinations.
Orthosilicic acid is the only Si form which is uptaken by the root
system. Interestingly, in the case of low Mn levels, where plant
yielding increased (Table 2), the application of ch-OSA in the
nutrient solution resulted in a higher Si concentration in tomato
leaves at the ﬁrst harvest date (June) when compared with the
control (signiﬁcant changes were shown for ‘Alboney F1’ and
‘Emotion F1’ in 2014). In 2013, the Si concentrationwas more stable
for the combination applied in ‘Alboney F1’ compared to ‘Emotion
F1’ as the in the latter an increase of Si concentration was found
when ch-OSAwas applied. An opposite trend of Si was observed for
both cultivars in 2014. Previously, an upward trend for Si concen-
trations in cucumber leaves was found during the vegetation period
by Gorecki and Danielski-Busch (2009). Kleiber et al. (2015a) also
Table 3
The inﬂuence of Mn and ch-OSA nutrition on the ratios between Si and microele-
ments concentrations of leaves.
Year Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
Si:Mn
2013 Mn-9.6 0.16 0.15 0.16 0.15 0.16 0.16
Mn-19.2 0.16 0.29 0.22 0.16 0.19 0.17
Mean 0.16 0.22 0.16 0.18
2014 Mn-9.6 0.25 0.39 0.32 0.26 0.31 0.29
Mn-19.2 0.32 0.28 0.30 0.28 0.47 0.37
Mean 0.29 0.33 0.27 0.39
Si:Fe
2013 Mn-9.6 1.68 1.64 1.66 1.50 1.99 1.72
Mn-19.2 2.04 3.62 2.82 2.12 2.39 2.26
Mean 1.85 2.56 1.77 2.19
2014 Mn-9.6 2.70 3.82 3.26 2.67 2.94 2.81
Mn-19.2 3.72 3.38 3.55 4.14 5.00 4.64
Mean 3.19 3.62 3.28 3.93
Si:Zn
2013 Mn-9.6 0.44 0.54 0.49 0.37 0.83 0.57
Mn-19.2 0.45 0.44 0.44 0.69 0.90 0.80
Mean 0.44 0.50 0.51 0.87
2014 Mn-9.6 8.69 4.72 5.82 6.95 8.27 7.61
Mn-19.2 13.83 12.43 13.16 15.79 12.84 13.81
Mean 10.96 6.41 9.84 10.57
Si:Cu
2013 Mn-9.6 0.26 0.20 0.23 0.22 0.23 0.22
Mn-19.2 0.17 0.21 0.19 0.17 0.20 0.19
Mean 0.22 0.20 0.20 0.22
2014 Mn-9.6 10.91 18.77 14.46 10.10 21.48 14.14
Mn-19.2 22.31 32.58 26.03 35.75 28.74 31.01
Mean 15.25 22.88 16.18 25.41
Fig. 1. The inﬂuence of Mn and ch-OSA nutrition on the Si concentration in leaves (express i
(C, D) (Term: I e June, II e August). For each cultivar individually, signiﬁcant different valu
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under an increasing concentration of silica sol in the nutrient
solution.
The leaves of tomato fertilized with the Si-enriched nutrient
solution (in the form of modiﬁed colloidal silica solution) contained
more Si and e in contrast to the described experiments - less Mn
and Zn when compared to the control plants (Jarosz, 2014).
Observed changes of Mn concentration in tomato leaves under Si
treatment are in agreement to results of Jarosz (2014). However, in
contrast to the present study the above mentioned author showed
no signiﬁcant impact of Si on concentrations of Cu and Fe. Also
Jarosz (2013) found a signiﬁcant effect of plant Si nutrition on the
concentration of Mnwith no signiﬁcant changes in the case of other
microelements in cucumber leaves. Bityutskii et al. (2014) claimed
that under a deﬁcit of micronutrients the Si treatment enhanced Fe
distribution towards apical shoot parts, along with the tissue
accumulation of Fe-mobilizing compounds such as citrate (in leaves
and roots) or catechin (in roots). Si nutrition, however, had no effect
on the mobility and tissue distribution of either Zn or Mn.
In contrast to ch-OSA, the application of silica sol to the nutrient
solution clearly reduced the Fe:Mn ratio from 1.00:4.97 to 1.00:3.49
(Kleiber et al., 2015a). A similar trendwas also found under silica sol
spraying (Fe:Mn ¼ 1.00:3.63). Horst et al. (1999) claimed that Si
lowered the apoplastic Mn concentration in cowpea and may
modify the cation binding capacity of the cell wall. Possible
mechanisms taking place between Si and the metals, include the
reduction of the activity of toxic metal ions in the medium
(Hiradate et al., 1998). According to Iwasaki et al. (2002) Si appli-
cation alleviates Mn toxicity not only by decreasing the concen-
tration of soluble apoplastic Mn through the enhanced adsorption
of Mn on the cell walls. Rogalla and R€omheld (2002) claimed that
plants of cucumber (Cucumis sativus L.) not treated with Si had
higher Mn concentrations in the intercellular washing ﬂuid (IWF)
compared with plants treated with Si, with similar Mnn ng mg1 d.m.) during vegetation period for cv. ‘Alboney F1’ (A, B) and cv. ‘Emotion F1’
es are indicated with different small letters.
Table 5
The inﬂuence of Mn and ch-OSA nutrition on the yield of 1 tomato plant (kg) (mean
from 2013 to 2014 year).
Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
I class
9.6 0.17 a 0.24 b 0.20 A 0.12 c 0.03 b 0.08 A
19.2 0.16 a 0.13 a 0.14 A 0.07 bc 0.00 a 0.04 A
Mean 0.17 A 0.19 A 0.10 B 0.02 A
II class
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in the symplasts (<10%) and more Mn bounded to the cell walls
(>90%) when compared with non-Si-treated plants (about 50% in
each compartment) e in a result Mn is less available and thus less
toxic. Maksimovic et al. (2007) found that high Mn nutrition
induced both growth inhibition of the whole plant and the
appearance of Mn-toxicity symptoms in leaves of cucumber. The
application of Si alleviated Mn toxicity by increasing the biomass
production. Although the total Mn concentration in the leaves did
not differ signiﬁcantly between þ Si and eSi treated plants,
symptoms of Mn toxicity were not observed in Si-treated plants. In
opinion of Horiguchi (1988) the Si nutrition alleviates the Mn
toxicity of rice plants not only by decreasing the Mn uptake by the
plant but also by increasing the internal tolerance to an excessive
amount of Mn in the tissues.
3.2. Photosynthetic activity
Photosynthetic activity parameters varied between tomato
cultivars and were dependent on Mn level, as well as on ch-OSA
treatment. ‘Alboney F1’ revealed a decrease of PN level in plants
with higher Mn application without ch-OSA treatment. While
‘Emotion F1’ was found with higher PN in plants with higher Mn
application. Both cultivars revealed an increase of net photosyn-
thesis rate after ch-OSA application for both Mn application levels.
However, an increase of PN of ‘Emotion F1’ cultivar wasmuch higher
than ‘Alboney F1’. Similar tendencies were noted for stomatal
conductance, while intercellular CO2 concentrations revealed
opposite trends (Table 4).
It is known that Mn effect on plant varied between species, and
in some cases a decrease of PN and gs was found (Gonzalez and
Lynch, 1997), while the other investigations revealed opposite
tendencies (Wei et al., 2004). However, there is on conclusion for all
of these previous investigationse some amount of Mn is necessary,
due to its important function on photosynthetic electron transport
chain (Li et al., 2010). The beneﬁcial role of Si to photosynthesis
activity was mainly examined for such stresses as heavy metal,
drought (Gong et al., 2005), pests and pesticides (Richmond and
Sussman, 2003) UV radiation (Li et al., 2004; Shen et al., 2010).
Liang et al. (2003) found that Si can be involved in metabolic and
physiological processes and increase a structural activity of higher
plants. In plants grown in vitro, Si can promote beneﬁcial changes inTable 4
The inﬂuence of Mn and ch-OSA nutrition on the photosynthetic activity in tomato
leaves (PN e net photosynthetic rate, gs e stomatal conductance, Ci intercellular CO2
concentration) (mean from 2013 to 2014).
Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
PN [mmol (CO2) m¡2 s¡1]
9.6 8.46 a 11.58 c 10.02 A 8.14 a 17.03 c 13.11 A
19.2 6.92 b 10.38 d 8.65 B 9.44 b 13.16 d 11.47 A
Mean 7.69 A 10.98 B 8.92 A 15.10 B
gs [mmol (H2O) m¡2 s¡1]
9.6 80.05 b 113.83 b 96.94 A 80.26 a 151.31 c 119.00 A
19.2 69.77 a 114,40 b 92.09 A 99.50 b 122.97 d 112.31 A
Mean 74.91 A 114.12 B 89.96 A 143.33 B
Ci [mmol (CO2) mol¡1]
9.6 291.86 a 198.28 c 240.82 A 299.09 a 225.71 c 262.40 A
19.2 295.93 b 214.40 d 251.46 A 319.59 b 256.50 d 288.05 B
Mean 293.90 B 206.34 A 309.34 A 241.11B
For each cultivar individually, signiﬁcant different values are indicated with
different capital letters within columns and rows, respectively for each main factor
Mn level and ch-OSA treatment. Signiﬁcant interactions between main factors are
indicated with different small letters.plants, such as greater development of photosynthetic tissues and
chlorophyll production (Braga et al., 2009). Our results conﬁrmed
these ﬁndings, the beneﬁcial role of Si in the form of ch-OSA or
excess of Mn was noted, as well as enhance a positive role of Mn at
lower application level were recorded. ch-OSA caused an increase
of net photosynthesis rate, but also positively affected stomatal
conductance to make possible to uptake CO2, and further CO2
consumption in photosynthesis process.
3.3. Plant yielding
Under an increasing Mn stress the mean yielding of grade 2
fruits decreasedwith a simultaneous increase in the yield of grade 5
in the case of cv. ‘Alboney F1’, while in cv. ‘Emotion F1’ it limited the
yields of grades 3 and 4 (Table 5).
Excessive Mn nutrition damages the photosynthetic apparatus
(Mukhopadhyay and Sharma, 1991) and signiﬁcantly reduces gas
exchange parameters, especially PN (net photosynthetic rate) e as a
result decreasing plant yielding (Kleiber et al., 2014), but the
physiological response of plants varies between different cultivars.
Also Savvas et al. (2009) stated that excessive Mn levels in the root
environment of tomato reduced the yield of plants.
Application of ch-OSA modiﬁed signiﬁcantly the yield of cv.
‘Emotion F1’ i.e. respectively ch-OSA decreased grades 1 and 3, and
increased grade 2 at low Mn levels. In cv. ‘Alboney F1’ the yield of
grade 5 was higher at high Mn levels for ch-OSA treated plants. Mn
stress signiﬁcantly decreased the marketable yield of cv. ‘Emotion
F1’. Application of ch-OSA improved the marketable yield of plants,
by about 18.8% (for ‘Alboney F1’) and 7.9% (for ‘Emotion F1’) at the
Mn-low level. At high Mn levels there was no effect of ch-OSA on9.6 1.75 ab 2.52 b 2.14 B 1.16 a 2.13 b 1.64 A
19.2 1.41 a 1.55 a 1.48 A 1.45 a 1.32 a 1.39 A
Mean 1.58 A 2.04 A 1.31 A 1.73 B
III class
9.6 2.02 a 2.01 a 2.02 A 2.27 b 1.66 a 1.97 B
19.2 1.69 a 1.82 a 1.75 A 1.60 a 1.55 a 1.57 A
Mean 1.86 A 1.91 A 1.94 B 1.61 A
IV class
9.6 0.77 a 0.90 ab 0.84 A 0.72 ab 0.86 b 0.79 B
19.2 1.24 b 0.89 ab 1.06 A 0.66 a 0.62 a 0.64 A
Mean 1.01 A 0.90 A 0.69 A 0.74 A
V class
9.6 0.17 a 0.13 a 0.15 A 0.26 ab 0.20 a 0.23 A
19.2 0.28 b 0.46 c 0.37 B 0.28 ab 0.36 b 0.32 A
Mean 0.23 A 0.30 B 0.27 A 0.28 A
VI class
9.6 0.11 b 0.05 a 0.08 A 0.04 a 0.07 a 0.05 A
19.2 0.13 b 0.08 a 0.11 A 0.08 a 0.12 a 0.10 A
Mean 0.12 B 0.07 A 0.06 A 0.09 A
Marketable yield (IeV class)
9.6 4.88 a 5.80 b 5.35 A 4.53 b 4.89 c 4.71 B
19.2 4.78 a 4.85 a 4.80 A 4.06 a 3.85 a 3.96 A
Mean 4.83 A 5.33 A 4.30 A 4.37 A
For each cultivar individually, signiﬁcant different values are indicated with
different capital letters within columns and rows, respectively for each main factor
Mn level and ch-OSA treatment. Signiﬁcant interactions between main factors are
indicated with different small letters.
Table 6
The inﬂuence of Mn and ch-OSA nutrition on the concentration of microelements
(mg kg1 d.m.) in tomato fruits (mean from 2013 to 2014 year).
Mn level ch-OSA treatment ch-OSA treatment
 þ Mean  þ Mean
‘Alboney F1’ ‘Emotion F1’
Fe
9.6 37.35 b 54.80 c 46.08 B 43.25 c 40.45 bc 41.85 B
19.2 32.05 ab 30.80 a 31.43 A 37.50 ab 35.50 a 36.50 A
Mean 34.70 A 42.80 B 40.38 A 37.98 A
Mn
9.6 110.20 b 98.55 a 104.38 A 81.15 b 74.85 a 78.00 A
19.2 101.60 a 100.45 a 101.03 A 151.05 c 162.25 c 156.65 B
Mean 105.90 A 99.50 A 116.10 A 118.55 A
Zn
9.6 22.13 b 34.48 c 28.31 B 23.15 b 17.95 a 20.55 A
19.2 14.05 a 15.99 a 15.02 A 18.55 a 19.24 a 18.89 A
Mean 18.09 A 25.23 B 20.85 B 18.59 A
Cu
9.6 7.87 c 7.85 c 7.86 B 7.91 c 5.49 a 6.70 A
19.2 4.14 a 5.25 b 4.70 A 6.45 b 6.64 b 6.54 A
Mean 6.01 A 6.55 B 7.18 B 6.06 A
For each cultivar individually, signiﬁcant different values are indicated with
different capital letters within columns and rows, respectively for each main factor
Mn level and ch-OSA treatment. Signiﬁcant interactions between main factors are
indicated with different small letters.
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to the low doses of ch-OSA. Similar trends as in the described ex-
periments, observed for the total yield in the case of tomato plants
under Mn stress was found by Kleiber et al. (2015b). An upward
trend for tomato yielding under Si nutritionwas also found by other
authors (Stamatakis et al., 2003; Toresano-Sanchez et al., 2012;
Jarosz, 2014).
One of the positive symptoms of Si nutrition under Mn-stress
includes an increase in biomass production (Maksimovic et al.,
2007, 2012). Si is involved in the metabolic or physiological
changes (Liang, 1999) and it is an important beneﬁcial element in
plant nutrition (Rogalla and R€omheld, 2002). Liang et al. (2006)
claimed that the key mechanisms of Si-mediated alleviation of
abiotic stresses in plants are very complicated and include e.g. the
stimulation of antioxidant systems in plants, or complexation or co-
precipitation of toxic metal ions with Si. Iwasaki et al. (2002) sug-
gests that the following two factors are involved in the mechanism
of the Si-enhanced Mn tolerance in cowpea: (1) decrease in the
concentration of soluble apoplastic Mn through the enhanced
adsorption of Mn on the cel walls and (2) possible detoxiﬁcation of
apoplastic Mn through the increase in the concentrations of the
soluble Si in the apoplast. That element reduced transpiration rates
when compared with untreated plants (Lu and Cao, 2001) and also
has a positive effect on the content of chlorophyll (Maksimovic
et al., 2007). Moreover Si stimulates antioxidant defence activity
(Schmidt et al., 1999; Neumann and Zur Nieden, 2001), reduces
lipid peroxidation and improves plasma membrane and tonoplast
structure, integrity and vital functions (Liang, 2008). Maksimovic
et al. (2007) claimed that Si may also modulate the metabolism
and utilization of phenolic compoundsmainly at the leaf level, most
probably as a consequence of the formation of Si-polyphenol
complexes.
ch-OSA is known as a bioavailable form of Si for humans
(European Food Safety Authority, 2009) and animals (Calomme and
Vanden Berghe, 1997) and is used as a dietary supplement ingre-
dient. Several double-blind, placebo-controlled, randomized clin-
ical trials and animal studies have shown that ch-OSA stimulates
collagen synthesis. Spector et al. (2008) reported that a combined
ch-OSA treatment with Ca/Vit D3 had a potentially beneﬁcial effect
on bone collagen compared to Ca/Vit D3 alone, which suggests that
this treatment is of potential use in the treatment of osteoporosis.
Barel et al. (2005) andWickett et al. (2007) have shown that ch-OSA
improves the quality of skin in women with photo-aged skin and
hair inwomenwith brittle hair, respectively. Recently Geusens et al.
(2014) showed in patients with knee osteoarthritis that ch-OSA
relieves joint pain and stiffness and reduces cartilage degrada-
tion. These effects are explained by the authors as a speciﬁc effect of
the ch-OSA complex in which the component choline has an
essential function since it was shown to be involved in cell
signaling, lipid metabolism, protection against homocysteine
mediated breakdown of collagen, and as the precursor of phos-
pholipids in the cellular membrane. Choline's role as a precursor of
components of the plasma membranes is also valid for plant
membranes e.g. as in phosphatidylcholine. Choline is also a pre-
cursor of glycine betaine, which has an important function to
regulate the water potential in plants such as spinach i.e. glycine
betaine increases the osmotic potential during water or salt stress.
The positive effect of ch-OSA in plants under stress can therefore be
explained by the synergistic action of choline and orthosilicic acid
as these are both components of ch-OSA.
3.4. Chemical composition of fruits
A downward trend was found for the mean concentrations of Fe,
Zn and Cu in fruits (in both cultivars) with the simultaneouslyincreasing concentration of Mn in the case of ‘Emotion F1’ under
increasing Mn stress (Table 6). Application of ch-OSA improved
concentrations of Fe and Zn with a decrease of Mn concentrations
at Mn-low for ‘Alboney F1’. Response of cv. ‘Emotion F1’ was slightly
different, i.e. decreased concentrations of Mn, Zn and Cu at Mn-low.
Interactions between ch-OSA application and increasing Mn-stress
on the Si concentration in tomato fruits are shown in Fig. 2. The
concentration of Si in both cultivars e similarly as in leaves e was
higher in 2014 than in 2013. Response of cv. ‘Alboney F1’ was similar
in both years. Application of ch-OSA increased the concentrations
of Si at Mn-9.6, while at Mn-19.2 it reduced Si concentrations (in
2013 the changes were signiﬁcant). In the case of ‘Emotion F1’ in
2013 at both Mn-levels increasing Si concentrations were observed
in fruits from plants with ch-OSA nutrition.
Kleiber et al. (2015b) found that the application of ch-OSA may
affect macroelement concentrations in tomato fruits: in cv.
‘Emotion F1’ an upward trend of N, P, K and Na with stable con-
centrations of Ca and Mg, was observed whereas in cv. ‘Alboney F1’
it resulted in increasing concentrations of P and Ca, decreasing of N
and K and a lack of signiﬁcant concentrations changes of Mg and
Na, respectively.
The observed trend for Fe concentration of fruits was similar to
those shown by Kleiber (2014b). Factors inﬂuencing the Fe con-
centration include plant nutrition (Gad and Kandil, 2010) as well as
cultivar (Olaniyi et al., 2010) and type of cultivation (Premuzic et al.,
1998). Similarly as in this study, Jarosz (2014) conﬁrmed a down-
ward trend for Mn concentration in tomato fruits under Si treat-
ment. In contrast to our results, he found no effect of Si nutrition on
the content of other metallic microelements in tomato fruits. While
in the case of cucumber a downward trend for Zn and Cu concen-
tration in plants treated with Si by fertigation was found (Jarosz,
2013).
Overall, similar Mn concentrations in fruits were found by
Kleiber (2014b) in plants stressed byMn. Similarly as in the present
study, an increasing concentration of Mn in the nutrient solution
caused an increase in the concentration of that nutrient in fruits. A
similar dependence as that for Fe was observed for Zn. Also Kleiber
(2014b) conﬁrmed a downward trend for the concentration of Zn
under Mn-stress. Contents of Zn, similarly as in the case of Mn, are
Fig. 2. The inﬂuence of Mn and ch-OSA nutrition on the Si concentration in tomato fruits (express in ng mg1 d.m.) for cv. ‘Alboney F1’ (A, B) and cv. ‘Emotion F1’ (C, D). For each
cultivar individually, signiﬁcant different values are indicated with different capital letters respectively for each main factor: Mn level and ch-OSA treatment. Signiﬁcant interactions
between main factors are indicated with different small letters.
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et al., 2010). A downward trend for Cu concentration, similar as in
the case of the described experiments, was found by Kleiber
(2014b). The reported concentration also varied depending on the
cultivar.
In the present study the concentration of Si in tomato fruits
varied depending on the year and intensity of nutrition. Jarosz
(2014) claimed that the application of Si to the nutrient solution
does not modify the concentration of that element in tomato fruits,
while pointing to the growing medium as a signiﬁcant factor.
However, Jarosz (2013) found an increasing Si concentration in
cucumber fruits under Si fertigation.
The Directive of the European Commission (EC) no. 1881/2006
of 19 December 2006 speciﬁes the highest admissible levels of
certain heavy metals (lead, cadmium and mercury) in foodstuffs.
Mn concentration e although from the physiological point of view
it is a microelement and at the same time a heavy metal e is not
restricted. Mn for humans is an essential micronutrient, which
must be supplied with the diet. It plays an important role in many
physiological processes, is required e.g. to regulate blood sugar,
bone growth and reproduction or the normal functioning of the
immune system (Aschner and Aschner, 2005). There are, however,
clear standards regulating its content in the food we eat. The rec-
ommended daily dose (Adequate intake; AI) established by the
National Academies' Institute of Medicine for this microelement in
the case of women is 1.8 mg and 2.3 mg for men; however, the daily
intake without toxic symptoms is 11 mg (DRI, 2002). European
nutritional standards are broader (1e15 mg Mn day1) (Nutrition
Working Group …, 1990). A rational diet fully covers the daily de-
mand for Mn (Kłos et al., 2011). A potentially dangerous effect for
consumers may be the disturbed Fe:Mn ratio in foods, including
consumed vegetables. These microelements compete for the same
protein in serum (transferrin) and the so-called transport systems
e DMT 1 (divalent metal transporter) (Roth and Garrick, 2003).What is important, the daily intake of Fe from food rations is suf-
ﬁcient for men, but often does not cover the recommended safe
level for women (Marzec et al., 2004). In both tomato cultivars
decreasing Mn concentration were recorded in fruits under
choline-stabilized orthosilicic acid treatment. Excessive accumu-
lation of Mn in the human body e for which a diet is consumed by
absorption of the microelement e might be harmful, leading to
changes including the central nervous system, causing neurological
changes. The detailed mechanism of Mn neurotoxicity is still rela-
tively poorly understood (Dobson et al., 2004; Aschner and
Aschner, 2005).
4. Conclusions
1. An increasing Mn stress modiﬁes the concentrations of micro-
elements and Si in tomato leaves. Application of ch-OSA also
modiﬁed the nutrient concentrations, but the relations were
generally multidirectional and varied on Mn-level and cultivar.
2. The application of ch-OSA modiﬁed the ratios between Si and
metallic microelements in leaves. Overall, the mean ratios of
Si:microelements increased under ch-OSA treatment. ch-OSA
had also an effect on the photosynthetic activity parameters.
The beneﬁcial role of Si in the form of ch-OSA in case of an
excess of Mnwas noted, as well as enhance a positive role of Mn
at lower application level.
3. A signiﬁcant downward trend was found for the mean con-
centrations of Fe (in both cultivars), Zn and Cu (‘Alboney F1’) in
tomato fruits with a simultaneous increase in the concentration
of Mn in cv. ‘Emotion F1’ under an increasing Mn stress. Appli-
cation of ch-OSA improved concentrations of Fe and Zn with a
decrease of Mn concentration at theMn-low level, and also Cu at
the Mn-high level for ‘Alboney F1’. However, the response of cv.
‘Emotion F1’ cv. was slightly different: decreased concentrations
of Mn, Zn and Cu at low Mn levels.
T. Kleiber et al. / Plant Physiology and Biochemistry 96 (2015) 180e188 1874. Application of ch-OSA to the nutrient solution improved
marketable yield of tomato at the low Mn level. No such effect
was observed with the high Mn level in the nutrition solution.Contributions
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